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chitinase, ChiB of Serratia marcescens, have been determined using isothermal titration calorimetry.
Binding studies with oligomers of different lengths showed that binding to subsites 2 and +1 is dri-
ven by a favorable enthalpy change, while binding to the two other most important subsites, +2 and
+3, is driven by entropy with unfavorable enthalpy. These remarkable unfavorable enthalpy changes
are most likely due to favorable enzyme-substrate interactions being offset by unfavorable enthal-
pic effects of the conformational changes that accompany substrate-binding.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction chitinases [15] have been described previously, but several of theseChitin, a b-1,4-linked polymer of N-acetylglucosamine (GlcNAc),
is among the most abundant biopolymers in nature, and hence, of
large biological and economical importance. The degradation of
chitin to di- and monosaccharides is catalyzed by glycosyl hydro-
lases called chitinases. Chitin, and, particularly its partially deacet-
ylated and water soluble analog chitosan, are important in the food
and feed industry, pharmacological industry, in water puriﬁcation
systems, and as antimicrobial additives [1]. Chitin metabolism is
essential in several major plague organisms such as certain fungi,
insects and nematodes, and chitin turnover has been associated
with the ability of humans to respond to such organisms [2]. Inhi-
bition of chitinases belonging to glycosyl hydrolase family 18 [3] is
a target area in the development of medicines for allergic and
inﬂammatory disorders [4,5]. Hydrolytic products of chitin and
chitosan, chitooligosaccharides (CHOS), have interesting biological
activities [6], for example as elicitors of plant defense against fun-
gal infections [7]. CHOS are known to affect several cellular pro-
cesses and direct enzymatic inhibition by CHOS has been
observed for a prolyl endopeptidase as well as a family 18 chitinase
[8–11].
To better understand chitinase functionality and to increase our
ability to design inhibitors, it is important to determine how indi-
vidual subsites contribute to binding of the substrate. Substrate-
binding studies in family 18 chitinases [12–14] and family 19chemical Societies. Published by Ewere based on modelling only. Very recently, direct measurements
of binding afﬁnities have been described for Chit-42 from
Trichoderma harzianum and for ChiB from Serratia marcescens
[13,14]. However, so far, there are no direct experimental data
showing the free energy changes associated with binding in each
of the individual subsites including data that show how these ener-
gies divide into enthalpic and entropic terms. In the present study
we have used isothermal titration calorimetry (ITC) for direct mea-
surements of the interaction of CHOS with individual subsites of
ChiB from S. marcescens. Studies of the binding reactions with ITC
enable the direct determination of the equilibrium binding associ-
ation constant (Ka) and DH

r in one single experiment. The results
show how different subsites in ChiB contribute to substrate bind-
ing and reveal some peculiar features of the binding energetics.2. Materials and methods
2.1. Chemicals
(GlcNAc)6, (GlcNAc)5, (GlcNAc)4, and (GlcNAc)3 were purchased
from Sigma–Aldrich (St. Louis, MO, USA).
2.2. Construction of His10-ChiB-E144Q
The wild-type chiB gene was ampliﬁed from pMAY2-10 [16]
with primer ChiBpET16b-F1 50-TCGACATATGTCCACACGCAAA-
GCCGTTATT-30 (NdeI restriction site is in bold type) and primerlsevier B.V. All rights reserved.
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restriction site is in bold type). PCR reactions were conducted with
Phusion DNA polymerase (Finnzymes, Espoo, Finland) in a PTC-100
Programmable Thermal Cycler (MJ Research Inc., Waltham, MA,
USA). The ampliﬁcation protocol consisted of an initial denaturation
cycle of 30 s at 98 C, followed by 24 cycles of 5 s at 98 C, 10 s at
70 C, and 15 s at 72 C, followed by a ﬁnal step of 5 min at 72 C.
Ampliﬁed fragments were ligated into vector pCR4Blunt-
TOPOZero Blunt TOPO (Invitrogen, Carlsbad, CA, USA). The gene
fragment was excised from the TOPO vector for insertion into the
pET16b expression vector (Novagen, Madison, WI, USA), using NdeI
and XhoI restriction sites. The resulting pET16b-His10-ChiB con-
struct was transformed into Escherichia coli BL21Star (DE3) (Invitro-
gen). For construction of a gene encoding His10-ChiB-E144Q (i.e. a
variant of ChiB that is inactive due to mutation of the catalytic acid
[16]), the pET16b-His10-ChiB construct and a pMAY2-10 variant
encoding ChiB-E144Q were digested with BamHI. Cleavage of the
latter plasmid resulted in a fragment of approximately 820 bp
containing part of the chiB gene carrying the E144Qmutation, which
was then ligated with the 5090 bp BamHI fragment derived from the
cleaved pET16b-His10-ChiB construct. The sequence of the ﬁnal
construct was veriﬁed by sequencing. The ﬁnal construct,
pET16b-His10-ChiB-E144Q was transformed into E. coli BL21Star
(DE3).
2.3. Protein expression and puriﬁcation
ChiB-E144Q from S. marcescens was over-expressed in E. coli
and puriﬁed as described elsewhere [17]. Initial ITC experiments
showed that this protein yielded essentially identical binding data
as His10-ChiB-E144Q (not shown) and this latter protein was used
in all further experiments. His10-ChiB-E144Q was over expressed
and puriﬁed as follows: E. coli BL21Star (DE3) containing the
appropriate plasmid was grown at 37 C in 300 ml LB-medium
with 100 lg ml1 ampicillin at 225 rpm, to a cell density of 0.6 at
600 nm. Isopropyl-b-D-thiogalactopyranoside was then added to
a ﬁnal concentration of 0.4 mM, and the cells were further incu-
bated for 4 h at 37 C, followed by harvesting by centrifugation
(9820g, 8 min at 4 C, Beckman Coulter Avanti J-25, Rotor JA14).
The cells were then subjected to an osmotic shock procedure to
produce a periplasmatic extract. First, the cell pellet was resus-
pended in 15 ml ice-cold spheroplastbuffer and incubated on ice
for 5 min. This buffer was made by taking 10 ml 1 M Tris–HCl,
pH 8.0, 17.1 g sucrose, 100 lL 0.5 M EDTA, pH 8.0, and 200 lL
50 mM PMSF with a volume adjustment to 100 ml with dH2O.
The cells were then harvested by centrifugation (7741g, 8 min
at 4 C, Beckman Coulter Avanti J-25, Rotor JA25-5), the superna-
tant was removed, and the pellet was incubated 10 min at room
temperature. The pellet was then resuspended in 12.5 ml ice cold,
sterile water, and incubated on ice for 45 s before supplementing
with 12.5 lL 1 M MgCl2. After centrifugation (7741g, 8 min at
4 C, Beckman Coulter Avanti J-25, Rotor JA25-5), the supernatant
was pressed through a 0.20 lm sterile ﬁlter and stored at 4 C.
Proteins were puriﬁed on a Ni-NTA column (0.5 cm in diameter,
2 ml stationary phase in total) using a ﬂow rate of 2.5 ml/min. The
column was equilibrated in 20 mM Tris–HCl buffer, pH 8.0, con-
taining 60 mM imidazole and 0.5 M NaCl. The periplasmatic ex-
tract was loaded directly onto the column (i.e. without any pH or
imidazole adjustment), and the column was washed with approx-
imately 3 column volumes of the starting buffer. The His-tagged
protein was then eluted with 20 mM Tris–HCl buffer, pH 8.0, con-
taining 0.5 M imidazole and 0.5 M NaCl. The puriﬁed protein was
concentrated and transferred to another buffer (100 mM Tris–
HCl, pH 8.0) for storage by repeated centrifugations in a 10 000
MWCO Centricon tube (Amicon) at 4000 rpm in a centrifuge with
swing out rotor (Beckman Coulter Avanti J-25, Rotor JA14). Enzymepurity was veriﬁed by SDS–PAGE and protein concentrations were
determined using the Qubit Protein Assay (Invitrogen).
2.4. Isothermal titration calorimetry experiments
ITC experiments were performed with a VP-ITC system from
Microcal, Inc (Northampton, MA) [18]. Solutions were thoroughly
degassed prior to experiments to avoid air bubbles in the calorim-
eter. For experiments with (GlcNAc)6 and (GlcNAc)5, typically
15 lM of ChiB-E144Q in 20 mM potassium phosphate buffer (pH
8.0) was placed in the reaction cell with a volume of 1.42 ml, and
500 lM solutions of the ligands in identical buffers as for the pro-
tein solutions were placed in the ITC syringe. The concentration of
other buffers, HEPES and TRIS at pH 8.0 was also 20 mM. The heats
of ionization of these buffers are as follows: potassium phosphate,
1.22 kcal/mol [19], HEPES 5.02 kcal/mol [19], and TRIS 11.2 kcal/
mol [20]. For experiments with (GlcNAc)4 and (GlcNAc)3, 30 lM
of ChiB-144Q in 20 potassium phosphate buffer (pH 8.0) was
placed in the reaction cells and 750 lM and 7 mM solutions of
the ligands, respectively, were placed in the syringe. Aliquots of
4 lL were injected into the reaction cell at 140 s intervals with a
stirring speed of 260 rpm. The titrations were normally completed
after 20–25 injections. The shape of the ITC binding curve is
determined by the so-called Wiseman c-value [18], which can be
expressed as:
c ¼ nKa½Mt ð1Þ
where n is the stoichiometry of the reaction, Ka is the equilibrium
binding association constant, and [M]t is the protein concentration.
For three of the four ligands ITC experiments could be optimized to
give a c-value to be in the range of 10 < c < 1000. This ensures that
Ka can be determined from the Wiseman binding isotherm. Titra-
tion of (GlcNAc)3 into ChiB-E144Q yielded a c-value of 0.01. Binding
thermodynamics can be obtained using ITC even if c is in the range
of 0.01 < c < 10 if a sufﬁcient portion of the binding isotherm is used
for analysis [21,22]. This is achieved by ensuring a high molar ratio
of ligand vs. protein at the end of the titration, accurate knowledge
of the concentrations of both ligand and receptor, an adequate level
of signal-to-noise in the data, and known stoichiometry. All these
conditions were met, with the possible exception of the stoichiom-
etry issue. Considering the long binding site of ChiB, it is conceiv-
able that two (GlcNAc)3 molecules can bind simultaneously.
However, the ‘‘Two Sets of Sites Model” did not provide a satisfac-
tory ﬁt between experimental and theoretical data, whereas the
‘‘One Sets of Sites Model” did (see below).
2.5. Analysis of calorimetric data
ITC data were collected automatically using the Microcal Origin
v.7.0 software accompanying the VP-ITC system [18]. Prior to fur-
ther analysis, all data were corrected for heat of dilution by sub-
tracting the heat produced by continuing injections of ligand into
the reaction cell after completion of the binding reaction. These
heats had same magnitudes as of titrating ligand into buffer alone.
The data were ﬁtted using a non-linear least-squares algorithm
using a single-site binding model employed by the Origin software
that accompanies the VP-ITC system. All data from the binding
reactions ﬁtted well to a single-site binding model, yielding the
stoichiometry (n), equilibrium binding association constant (Ka),
and the enthalpy change (DH

r ) of the reaction. The value of n
was found to be between 0.9 and 1.1 per enzyme molecule for
all reactions. The changes in reaction free energy (DG

r ) and entropy
(DS

r ) as well as the dissociation constant (Kd) were calculated using
the following relationship:
DG

r ¼ RT ln Ka ¼ RT ln Kd ¼ DH

r  TDS

r ð2Þ
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
r , Kd, and DG

r were obtained as standard deviations of
at least three experiments. Errors in DS

r and TDS

r were obtained
as propagation of errors.Table 1
Thermodynamic parameters of CHOS binding to ChiB-E144Q derived from ITC. The
experiments were performed at t = 20 C in 20 mM potassium phosphate buffer, pH
8.0.
Substrate Kda DG

r
b DH

r
b T DSr b42 DS

r
c
(GlcNAc)6 0.13 ± 0.09 9.2 ± 0.3 1.7 ± 0.3 10.9 ± 0.4 37 ± 1
(GlcNAc)5d 0.67 ± 0.20 8.3 ± 0.1 0.8 ± 0.2 9.1 ± 0.2 31 ± 1
(GlcNAc)4 2.7 ± 0.19 7.4 ± 0.2 1.0 ± 0.1 6.5 ± 0.2 22 ± 1
(GlcNAc)3 327 ± 22 4.7 ± 0.2 4.9 ± 0.9 0.2 ± 0.2 1 ± 1
a lM.
b kcal/mol.
c cal/K mol.
d Performed at 15 C due to low heat of binding at t = 20 C.
Fig. 1. Thermograms (upper panels) and binding isotherms with theoretical ﬁts (low
(GlcNAc)4 (bottom left), and (GlcNAc)3 (bottom right) to ChiB-E144Q.3. Results and discussion
The binding of oligomeric substrates to ChiB-E144Q was stud-
ied by ITC at t = 20 C and pH 8.0 in potassium phosphate buffer
and the results are summarized in Table 1. Fig. 1 shows typical
ITC thermograms and theoretical ﬁts to the experimental data for
binding of (GlcNAc)6, (GlcNAc)5, (GlcNAc)4, and (GlcNAc)3.
(GlcNAc)6 binds with a Kd of 0.13 ± 0.09 lM (Table 1). The binding
is clearly entropically driven (TDSr ¼ 10:9 0:4 kcal=mol and
DS

r ¼ 37 1 cal=K mol) with an enthalpic penalty (DH

r ¼
1:7 0:3 kcal=mol). Potential protonation/deprotonation effects
coupled to (GlcNAc)6 binding to ChiB-E144Q were investigated
by testing the contribution from buffer ionization to DH

r [23].
ITC experiments were carried out as well in HEPES and TRIS, which
have different ionization enthalpies compared to potassium phos-
phate, yielding DH

r of 2.0 ± 0.4 kcal/mol and 1.3 ± 0.3 kcal/mol,
respectively, indicating no proton transfer upon binding. Forer panels) obtained for the binding of (GlcNAc)6 (top left), (GlcNAc)5 (top right),
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entropically driven (TDSr ¼ 9:1 0:2 kcal=mol and DS

r ¼ 31
1 cal=K mol) with a small enthalpic penalty (DH

r ¼ 0:8 0:2
kcal=mol). (GlcNAc)4 binding is accompanied with a Kd of
2.5 ± 0.19 lM. This reaction is also entropically driven (TDSr =
6.5 ± 0.2 kcal/mol and DSr ¼ 22 1 cal=Kmol) with a small
enthalpic contribution (DH

r ¼ 1:0 0:1 kcal=mol). Contrasting
with the results for the longer oligomers, (GlcNAc)3 binding to
ChiB-E144Q is enthalpically driven with a Kd of 327 ± 22 lM, a
DH

r of 4.9 ± 0.9 kcal/mol and a TDS

r ¼ 0:2 0:2 kcal=mol (DS

r
of 1 ± 1 cal/K mol). The Kd values for binding of (GlcNAc)6, (Glc-
NAc)5 and (GlcNAc)4 to Chit-42 from T. harzianum determined by
Lienemann et al. using surface plasmon resonance are approxi-
mately 2-, 10- and 5-fold higher than the values reported for ChiB
in this study [18].
For ChiB, six subsites, spanning from 3 to + 3 have been de-
scribed [24] (Fig. 2). The substrate-binding cleft on the catalytic do-
main is extended by a chitin-binding domain interacting with the
reducing end of the sugar chain. Thus, some degree of substrate
afﬁnity may be expected in additional aglycon subsites, and this
has indeed been observed [25]. Previous studies of ChiB catalyzed
hydrolysis of CHOS have shown that (GlcNAc)3 productively binds
from 2 to +1, (GlcNAc)4 productively binds from 2 to +2, and
that (GlcNAc)5 productively binds from 2 to +3 [25]. The prefer-
ential binding of (GlcNAc)5 to subsites 2 to +3 was conﬁrmed
by the crystal structure of this ligand in complex with ChiB-
E144Q [26]. (GlcNAc)6 productively binds from 3 to +3 (approxi-
mately 20 %) and from 2 to ‘‘+4” (80%; ‘‘+4” denotes a binding
position next to the +3 subsite) [25]. Combining this information
with the obtained thermodynamic parameters (Table 1) allowsFig. 2. Upper panel: Crystal structure of ChiB (left, 1e15 [24]) alone and in complex with
acids interacting with the ligand are colored blue. These are: Trp403 (subsite 1/2), Trp97
active site, especially by Phe190, upon substrate binding. This panel was prepared using t
sugar binding to the individual subsites of ChiB. These energies are derived from the data
the various ligands; see text for details. Since (GlcNAc)6 approximately binds 20% from
0.9 kcal/mol between (GlcNAc)6 and (GlcNAc)5 can be shared as 0.3 kcal/mol and 1.
two unknowns, X, the DG for subsite 3 and Y, the DG for subsite +4; the equations are
Estimates for DH and DS for these subsites cannot be made.for the estimation of binding energies for individual subsites. The
calculated free energy, enthalpy, and entropy changes for GlcNAc
binding in the individual subsites 3, +2, +3, and ‘‘+4”, in addition
to combined values for binding to the 2, 1, and +1 subsites are
shown in Fig. 2.
Interestingly, binding to the 2, 1, and +1 subsites is enthalp-
ically driven. Structural data show that there are many favorable
interactions between the sugars and ChiB in these subsites [26].
Apparently, these interactions are not only necessary to overcome
the loss of free energy associated with the distortion of the
sugar bound in the 1 subsite from the 4C1 chair conformation
to the twisted 1,4B boat conformation (calculated to amount to
8 kcal/mol [27]), but also to drive the actual binding. Based on
theoretical analysis of kinetic data for substrate conversion, a free
energy change of +3.1 kcal/mol has been calculated for the 1 sub-
site in chitinase-1 from the fungal pathogen Coccidioides immitis
[12]. A positive DG

r for sugar binding in the 1 subsite is to be
expected due to the loss of free energy upon sugar distortion,
and is in agreement with observations made in classical studies
of substrate afﬁnities in lysozyme [28]. These literature data
suggest that the favorable free energy of binding for the joint 2
to +1 subsites shown in Fig. 2 may be the net result of one unfavor-
able (subsite 1) and two favorable (subsites 2 and +1)
interactions.
Like in many other glycosyl hydrolases ligand binding in ChiB
involves stacking interactions between the side chains of aromatic
amino and sugar moieties (Fig. 2). Binding to subsite +2 involves
stacking with Trp220 and is relatively strong (DG

r ¼ 2:7
kcal=mol). The binding afﬁnity of this subsite is comparable to
the binding afﬁnity generated by a similar Trp-GlcNAc stackinga (GlcNAc)5 molecule (right, 1e6n [26]), with numbered subsites. Aromatic amino
(+1), Trp220 (+2), and Phe190 (+3). It is clear that there is signiﬁcant movement in the
he PyMol software (http://www.pymol.org). Lower panel: Energies associated with
in Table 1, combined with existing knowledge concerning the binding preferences of
3 to +3 and 80% from 2 to ‘‘+4” [25], the difference in free energy change of
1 kcal/mol for the 3 and ‘‘+4” subsites, respectively (solved as two equations with
0.2X + 0.8Y = 0.9 and (referring the experimentally observed binding ratios) Y = 4X).
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(DG

r  2:5 kcal=mol; calculated from the difference in the re-
ported Kd values for (GlcNAc)6 binding to Chit42-WT and Chit42-
W246A [13]). However, remarkably, our data show that binding
to the +2 subsite is driven by a huge increase in entropy
(TDSr ¼ 6:7 kcal/mol) with a relatively large enthalpic penalty
(DH

r ¼ 3:9 kcal=mol). Likewise, binding to subsite +3, involving a
strong stacking interaction between Phe190 and the sugar is driven
by entropy, with an enthalpic penalty. These results are counterin-
tuitive because there are several studies that clearly show the ben-
eﬁcial enthalpic effect (in the order of 3 to 4 kcal/mol) of a Trp-
sugar interaction [29,30]. Our data thus show that the beneﬁcial
enthalpic effects of the stacking interactions in the +2 and the +3
subsites are somehow offset. Substrate-binding to these subsites
induces considerable conformational changes [26], and it is con-
ceivable these changes lead to the disruption of favorable interac-
tions in the apo-enzyme. The rotation of 91 around Phe-190 v1
upon substrate binding that results in the stacking interaction with
the sugar in the +3 subsite is an example of such a conformational
change [26].
In conclusion, in addition to unraveling sugar afﬁnities of indi-
vidual subsites in ChiB, our results show the importance of detailed
studies on ligand-binding thermodynamics for understanding how
chitinases bind their ligands. For example, the large and counter-
intuitive enthalpic penalty associated with ligand binding to sub-
sites +2 and +3 needs to be taken into account in current efforts
to design chitinase inhibitors [31].
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